Effect of supplementation with n-3 polyunsaturated fatty acids and/or β-glucans on performance, feeding behaviour and immune status of Holstein Friesian bull calves during the pre- and post-weaning periods by McDonnell, Ruairi P et al.
RESEARCH Open Access
Effect of supplementation with n-3
polyunsaturated fatty acids and/or
β-glucans on performance, feeding
behaviour and immune status of Holstein
Friesian bull calves during the pre- and
post-weaning periods
Ruairi P. McDonnell1,3* , John V. O’ Doherty1, Bernadette Earley2, Anne Marie Clarke1 and David A. Kenny1,2
Abstract
Background: Previous research in both calves and other species has suggested n-3 polyunsaturated fatty acids
(PUFA) and β-glucans may have positive effects on immune function. This experiment measured performance,
behaviour, metabolite and immunological responses to pre-weaning supplementation of dairy bull calves with n-3
PUFA in the form of fish oil and β-glucans derived from seaweed extract. 44 Holstein Friesian bull calves, aged 13.7
± 2.5 d and weighing 48.0 ± 5.8 kg were artificially reared using an electronic feeding system. Each calf was offered
5 L (120 g/L) per day of milk replacer (MR) and assigned to one of four treatments included in the MR, (1) Control
(CON); (2) 40 g n-3 PUFA per day (FO); (3) 1 g β-glucans per day (GL) and (4) 40 g n-3 PUFA per day & 1 g/d β-
glucans (FOGL) in a 2 × 2 factorial design. Milk replacer and concentrate was offered from d 0–62 (pre-weaning),
while concentrate provision continued for a further 31 d post-weaning period. Individual daily feed intake and
feeding behaviour was recorded throughout, while bodyweight and blood analyte data were collected at regular
intervals.
Results: Overall mean concentrate DMI from d 0–93 was 1.39, 1.27, 1.00 and 0.72 kg/d for CON, FO, GL and FOGL
calves, respectively (SEM = 0.037; P < 0.0001). Calves supplemented with GL were significantly lighter (P < 0.0001) at
both weaning (d 62) and turnout to pasture (d 93) than un-supplemented calves, with a similar effect (P < 0.0001)
evident for calves receiving FO compared to un-supplemented contemporaries. Supplementation with GL reduced
the number of unrewarded visits where milk was not consumed (P < 0.0001) while supplementation with FO
increased mean drinking speed (P < 0.0001). Supplementation with GL resulted in greater concentrations of
haptoglobin (P = 0.034), greater serum osmolality (P = 0.021) and lower lymphocyte levels (P = 0.027). In addition,
cells from GL supplemented calves exhibited a lower response than un-supplemented contemporaries to both
Phytohaemagglutinin A stimulated IFN-γ (P = 0.019) and Concanavalin A stimulated IFN-γ (P = 0.012) following in
vitro challenges.
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Conclusions: Pre-weaning supplementation of bull calves with either n-3 PUFA or β-glucan resulted in reduced
voluntary feed intake of concentrate and consequently poorer pre-weaning calf performance. There was no
evidence for any beneficial effect of either supplementation strategy on calves’ immune responses.
Keywords: Fish oil, Fucoidan, Immune function, Laminarin, Preweaning, Seaweed
Background
Neonatal mortality represents a significant economic
loss in dairy production systems worldwide. Raboisson
et al. [1] reported a calf mortality rate on French dairy
farms of 5.7% in calves aged from 3 d to 1 month, while
in the USA, pre- and post-weaned calf and heifer losses
have been estimated at 9.6% per annum, with
pre-weaned heifer calves accounting for 82% of these
losses [2]. Prohibition on the use of antimicrobial agents
and antibiotic growth promoters in animal feed in the
European Union has necessitated the development of
alternative strategies to augment immune function in
farm animals [3]. Consequently, interest has grown over
recent years in the potential of dietary additives as a
means to enhance the immune response of dairy calves.
For example, there is some evidence for non-ruminants
that consumption of certain polyunsaturated fatty acids
(PUFA) belonging to the omega-3 (n-3) fatty acid series,
including eicosapentaenoic acid (EPA; 20:5 n-3), docosa-
pentaenoic acid (22:5 n-3) and docosahexaenoic acid
(DHA; 22:6 n-3), can affect immune function [4]. Earlier
research showed how dietary supplementation with EPA
and DHA enriched fish oil (FO) resulted in supressed
proliferation of T-lymphocytes (and in some cases
B-lymphocytes) in a number of species, compared with
other forms of dietary fat such as lard, corn oil, linseed
oil and hydrogenated coconut oil [5]. A review by Calder
[6] summarised how EPA and DHA can inhibit various
aspects of inflammation including leukocyte chemotaxis,
production of certain eicosanoids, and inflammatory cy-
tokines, ultimately leading to altered expression of in-
flammatory genes.
Both positive and negative effects of n-3 PUFA supple-
mentation have been reported in livestock species de-
pending on the specific fatty acid and the dietary
inclusion rate. For example, Ballou and DePeters [7]
showed that n-3 PUFA supplementation of milk replacer
(MR) in pre-weaned Jersey calves altered the phagocytic
function of monocytes and the oxidative burst capacity
of neutrophils, indicating that it may be possible to posi-
tively influence immune function. Supplementation with
a FO supplement rich in n-3 PUFA was also shown to
potentiate the immune response to nematode parasite
infection in calves [8]. Onset of septicaemia in calves,
from which survival rates are low, is generally preceded
by an over-aggressive inflammatory response [7]. Two
published studies have reported a reduced inflammatory
response across different species offered diets supple-
mented with n-3 PUFA [4, 9]. Furthermore, Jersey bull
calves consuming 1.5, 2.8 and 4.1 g n-3 PUFA/100 g FA,
challenged with Salmonella Typhimurium lipopolysac-
charide, exhibited a reduced respiratory rate in the first
6 h with increasing levels of n-3 PUFA [10], which the
authors suggested may be beneficial in preventing an ex-
cessive acute phase response.
Carbohydrate based derivatives containing β-glucans
(GL) have likewise been shown to augment immune
function in several species [3]. However, significant vari-
ation in the solubility and biochemical characteristics of
GL from different sources exists and this factor has been
proven to influence gene expression of various aspects
of immune function in non-ruminants, including expres-
sion of pro- and anti-inflammatory cytokine markers
[11]. Laminarin is a seaweed derived GL, with varying
chemical structures depending on whether it is derived
from L. digitata or L. hyperborea species, while GL de-
rived from yeast (Saccharomyces cerevisae) differ yet
again in chemical structure from Laminaria species [11].
Previously Reilly et al. [12] reported a marginal effect on
immune response in weaned pigs supplemented with
seaweed extract containing laminarins and fucoidans.
Laminarin derived from L. digitata contains water sol-
uble GL rich in β-(1,6) linked side chains. These GL are
believed to stimulate the host immune system by pro-
moting the production of cytokines and chemokines and
also activate leukocytes such as macrophages and neu-
trophils [13, 14]. Leonard et al. [4] observed a number of
immunocompetence related differences in piglets suck-
ling sows consuming L. digitata derived seaweed extract,
including elevated circulatory immunoglobulin G con-
centrations early in lactation, thus enhancing humoral
immune function, as well as decreased eosinophil num-
bers and increased leukocyte phagocytosis. However,
published studies investigating the effects of GL supple-
mentation on neonatal calves have mainly used yeast ex-
tract containing Saccharomyces cerevisiae. Eicher et al.
[15] detailed how supplementation with two contrast-
ingly purified forms of GL derivative from yeast cell
walls mixed with MR, altered feed intake, the presence
of Escherechia coli O157 and leukocyte function in
calves subjected to a transport stressor. A recent study
reported marginally increased starter intake in the first
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month of life and greater pre-weaned average daily gain
(ADG) in high-risk Holstein bull calves supplemented
with 1 g/d of GL, compared to control calves [16], while
Kim et al. [17] observed increased production of
immune-related serum proteins and positive haemato-
logical prognostic indicators, as well as improved general
health conditions in the calves supplemented with hy-
drolysed yeast containing GL following a vaccine
challenge.
To date, however, the cumulative or interactive effects
of dietary supplementation with n-3 PUFA and GL ex-
tracted from seaweed to the diets of pre-weaned calves,
and subsequent effects on aspects of immune function
have not, to our knowledge, been reported on. The ob-
jective of this experiment was to evaluate the effect of
supplementation with long chain n-3 PUFA and/or GL
on performance, behaviour and immune status of artifi-
cially reared Holstein-Friesian (HF) bull calves during
the pre- and post-weaning periods.
Methods
Experimental design
Forty-four HF male calves were used in this experiment.
Calves were sourced from 30 different farms across 3
geographical regions and were transported to the re-
search facility at approximately 12 days of age. Mean (±
SD) age and bodyweight at the start of the experiment
were 13.7 ± 2.5 d and 48.0 ± 5.8 kg, respectively. The ex-
periment was structured as a 2 × 2 factorial design, and
calves were blocked by bodyweight, age and source re-
gion, before random allocation within block to one of
four treatments: (1) Control (CON); (2) 40 g n-3 PUFA/
d (FO); (3) 1 g β-glucans/d (GL) and (4) 40 g n-3 PUFA/
d & 1 g β-glucans/d (FOGL). Dosage rates of GL were
based on research from our group on weaned pigs [11,
12], scaled to the bodyweight of pre-weaned HF calves.
Previous studies from ourselves [18] and others [7, 10]
have indicated that approx. 2% of DM is close to the
upper limit of FO supplementation possible, without
overly affecting DMI. Therefore 40 g/d of FO was se-
lected based on 2% of the expected average pre-weaning
DMI of HF calves. For convenience, calves that were
supplemented with FO are referred to as FO+, while
calves that did not receive any FO supplement are de-
noted as FO–. Similarly calves that were supplemented
with GL are referred to as GL+ and calves that received
no GL supplement are denoted as GL–. The β-glucan
supplement (1 g) contained laminarin (0.10 g), fucoidan
(0.08 g) and ash (0.82 g) and was extracted from seaweed
containing Laminaria spp. as described by [19]. The sea-
weed extract was obtained from a commercial company
(Bioatlantis Ltd., Tralee, Co. Kerry, Ireland). The n-3
PUFA were provided in the form of FO, which was also
obtained from a commercial company (Trouw Nutrition,
Belfast, UK), and derived from anchovy, sardine and sal-
mon oil; however the oil was distilled to concentrate the
EPA and DHA content. This novel concentrated FO
supplement was chosen as a means to supply the PUFA
over other options such as flaxseed oil due to our belief
that it was the most potent method commercially avail-
able to us to enrich tissue and systemic concentrations
of PUFA in the calves, plus we had successfully used this
product in other published studies prior to the experi-
ment [4, 18]. Calves that did not receive FO were sup-
plemented with a fixed amount of soya oil (SO) in order
to ensure all diets were iso-lipidic. All diets were also ef-
fectively isocaloric as each calf received 1.48MJ of gross
energy (GE) daily as either FO or SO, and the daily GL
supplement only contained 0.016MJ of GE. The fatty
acid composition of the concentrated FO is presented in
Table 1. Calves were only fed the treatments during the
pre-weaning period and did not receive any FO or GL
once weaned off milk replacer (MR).
Table 1 Fatty acid composition of fish oil (% of total fatty acids)
Fatty acid Fish oil (n = 4)
C14:0 0.14 ± 0.01
C15:1 0.14 ± 0.09
C16:0 2.27 ± 0.35
C16:1 1.04 ± 0.06
C17:0 0.19 ± 0.07
C17:1 0.07 ± 0.01
C18:0 3.64 ± 0.21
C18:1n-9 cis 5.70 ± 0.45
C18:1n-9 trans 0.08 ± 0.01
C18:2n-6 1.54 ± 0.02
C18:3n-3 0.89 ± 0.04
C18:3n-6 0.19 ± 0.02
C20:1 3.36 ± 0.10
C20:2 3.00 ± 0.22
C20:3n-3 0.32 ± 0.03
C20:3n-6 0.43 ± 0.04
C20:4n-6 1.98 ± 0.09
C20:5n-3 39.05 ± 0.54
C22:0 0.50 ± 0.04
C22:1n-9 1.31 ± 0.32
C22:2 2.37 ± 0.04
C22:6n-3 24.25 ± 0.14
C24:0 0.47 ± 0.09
C24:1 0.28 ± 0.02
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Animal management
After an initial acclimatisation period (1–2 d), calves
were group penned on barley straw bedding according
to age to minimise the transfer of disease between ani-
mals, and a space allocation of in excess of 3 m2 per calf
(approximately twice European Union guidelines) was
provided with ad libitum access to fresh drinking water.
Calves were fed an industry standard MR (Blossom
Easymix, Volac, Co. Cavan, Ireland; Table 2) using a
computerised feeder (Forster-Technik SA 2000, Engen,
Germany), and offered ad libitum access to concentrates
and a limited amount of hay for 62 d. Concentrate in-
take was also measured daily using the computerised
feeder. This period is referred to as the pre-weaning
period. For all four treatments, water was heated to
approximately 42o C and 120 g of MR was added per
litre of water. Calves received their respective supple-
ment as per treatments above, via specialised dispensers
for liquid additives (Forster-Technik SA 2000, Engen,
Germany), which were calibrated twice weekly. Calves
were allowed access to a maximum of five litres of MR
per day in two allowances of 2.5 L for the duration of
the pre-weaning period (gradually increased from 2 L to
5 L over 5 d at the start of the experimental period). The
mean ambient temperature inside the calf shed (logged
every 15 min) was 11.9 ± 4.9 °C (range: − 0.6 to 30.9o C).
From d 55 calves were gradually weaned off MR over
the following 7 d, and were only fully weaned when con-
suming a minimum of 1 kg/d of concentrate for three
consecutive days. The period from d 62–93 is referred to
as the post-weaning period. Following turn-out to pas-
ture (d 94), calves grazed together in a paddock-based
rotational grazing system for 80 d (post-turnout period).
All performance and intake data is presented relative to
these three periods. However, for blood hormone, me-
tabolite and haematology variables, data are presented
relative to three different periods, the pre-weaning
period (d 0–61), the peri-weaning period (immediately
after weaning; d 62–70) and the post-weaning period (d
71–93). Calves continued to be offered free access to
concentrates, water, and a limited amount of hay from d
62–93, before turnout to pasture.
Animal measurements
Feed intake and growth
Individual milk and concentrate consumption was re-
corded in the pre-weaning period while post-weaning
concentrate consumption was recorded until d 93 when
calves were turned out to pasture. Consumption of hay
was not measured in this study and was assumed to con-
tribute very minimally to overall calf nutrition. Calves
were weighed in the morning, at 7 d intervals using cali-
brated electronic scales, resulting in eight and five
weight records per calf during the pre-weaning and
post-weaning periods, respectively. Three weight records
per calf were recorded at approximately 28 d intervals
while grazing pasture during the post-turnout period.
Feeding behaviour and fecal scoring
Feeding behaviour traits were evaluated using Kalb Man-
ager software (Forster Technik SA 2000, Engen,
Germany). Daily MR and concentrate feeding events
were calculated as the number of occasions a calf en-
tered the milk or concentrate feeding stalls and con-
sumed a minimum of 100 mL of MR or 10 g of
concentrate, respectively. Non-feeding events for MR
and concentrate were calculated as the number of times
a calf entered the stall and consumed ≤100 mL and ≤ 10
g respectively. Drinking speed was also recorded (L/min)
for each feeding event, in addition to the cumulative
number of minutes each calf spent in the concentrate
feeding stalls.
Fecal scores and rectal temperatures were recorded bi-
weekly for five consecutive days during the pre-weaning
period, and weekly for three to five consecutive days from
d 55–69. Fecal consistency was scored by the same experi-
enced technician for the duration of the experiment, using
the following scale: 1 = firm; 2 = semi-solid; 3 = liquid and
4 = very liquid [20]. Body temperatures (degrees Celsius; °
C) were also recorded biweekly using a digital thermom-
eter in the morning prior to the first allocation of feed
each day. Body temperature and fecal scores were re-
corded in the morning before feeding, so as not to con-
found the interpretation of body temperature data.
Blood collection and analysis
Blood was collected from all calves by jugular venepunc-
ture using mild restraint in a holding chute on d 0, 29 &
55 (pre-weaning), d 62, 63, 65 and 70 (peri-weaning),
and d 76 and 93 (post-weaning) of the experimental
period. Blood was collected into evacuated vials (Vacu-
ette, Cruinn Diagnostics, Ireland) containing the appro-
priate anticoagulants for subsequent haematology and
clinical biochemical analysis. Samples were immediately
Table 2 Chemical composition of concentrates and calf milk
replacer
Item Concentrates Milk replacer
DM, g/kg 912 –
Crude protein, g/kg DM 181 228
Ash, g/kg DM 66 –
ADF, g/kg DMa 136 –
NDF, g/kg DMb 407 –
Gross energy, MJ/kg DM 168 203
Percentage oil, g/kg DM 21 161
aADF Acid detergent fibre
bNDF Neutral detergent fibre
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transported to the laboratory upon completion of sam-
pling in iced water, stored at ambient temperature and
processed within 3.5 h. Blood samples collected into lith-
ium heparinized vacutainers (9 mL) were used to deter-
mine the concentrations of β-hydroxybutyrate (βHBA),
haptoglobin, and urea. Sodium fluoride anti-coagulated
blood (4 ml) was used to determine the concentration of
glucose. Plasma was harvested following centrifugation
at 1,600×g at 4 °C for 15 min and samples were stored at
− 20 °C until assayed. Plasma glucose, urea and βHBA
concentrations were analysed on an automatic analyser
(Olympus AU400, Japan) using reagents supplied by
Olympus. Concentration of plasma haptoglobin was
measured using an automatic analyser (SPACE, Alfa
Wassermann, Inc., West Caldwell, NJ, USA) and com-
mercial assay kit (Tridelta Development Ltd., Wicklow,
Ireland) according to the manufacturer’s procedure [21].
Total leukocyte, neutrophil, lymphocyte, and monocyte
numbers were determined from blood vials (6 mL) con-
taining K3EDTA anti-coagulant using an automated
haematology analyser (AV ADIVA 2120, Bayer Health-
care, Siemens, UK) equipped with software for bovine
blood. A whole blood culture procedure [22] was used
to determine the in vitro lymphocyte production of
interferon gamma (IFN-γ) in lithium heparinised whole
blood. Duplicate 1.48 mL aliquots of blood were cul-
tured in sterile 24-well flat culture plates (Sarstedt Ltd.,
Drinagh, Wexford, Ireland) with 20 μL of PBS (Gib-
coBRL, Life Technologies Ltd., Paisley, Scotland, UK)
containing 1.0 mg/mL of concanavalin A (Con A;
Sigma-Aldrich, Inc., UK), 1.0 mg/mL phytohaemagglu-
tinin (PHA; Sigma-Aldrich, Inc., UK) or no additive, for
24 h at 37 °C and in an atmosphere of 5% CO2. The cul-
ture plates were then centrifuged at 1,600×g at 4 °C for
20 min, supernatant harvested and frozen at − 20 °C until
assayed for INF-γ using an ELISA procedure specific for
bovine plasma (BOVIGAM, Biocor Animal Health, NE,
USA), as previously described by [23]. The in vitro Con
A or PHA stimulated lymphocyte production of IFN-γ
was calculated by subtracting the absorbance at 450 nm
of wells that received PBS alone from wells that received
Con A or PHA, respectively. Serum osmolality was mea-
sured with a veterinary refractometer (DLC Australia
Pty Ltd., Caboolture, QLD, 4510 Australia).
Plasma concentrations of insulin-like growth factor 1
(IGF-1) were quantified using radio-immuno assay fol-
lowing an acid ethanol extraction. Intra-assay coeffi-
cients of variation for IGF-1 samples were 33.2%, 21.7%
and 24.4% for low, medium and high standards, respect-
ively, while inter-assay coefficients of variation were
50.1%, 14.1% and 12.6% for corresponding low, medium
and high standards. Plasma concentrations of insulin
were quantified using Coat-a-Count Insulin RIA assay
(Siemens, LA, USA). Intra-assay coefficients of variation
for insulin were 16.8%, 13.8% and 10.2% for the low,
medium and high standards, respectively, while
inter-assay coefficients of variation for insulin were 8.4%,
6.0% and 3.8% for corresponding low, medium and high
standards. The fatty acid (FA) content of plasma was de-
termined as described [18], at two different timepoints
(d 0 and d 29). Plasma FA analysis was only carried out
for six calves in the CON group, seven in the FO group,
six in the GL group and eight in the FOGL group.
Feed analysis and trait derivations
The FA composition of the FO was analysed by gas
chromatography [24]. Samples of the concentrate pellets
were taken twice weekly, and composited into weekly
samples, before storage at − 20 °C pending analysis for
DM, crude protein, neutral detergent fibre, acid deter-
gent fibre, ash, gross energy (GE) and percentage oil.
Samples were milled through a 1-mm screen using a
Christy and Norris hammer mill (Christy and Norris
Process Engineers Ltd., Chelmsford, UK); DM was deter-
mined by oven drying at 104 °C for a minimum of 16 h.
Ash was determined on all materials after ignition of a
known weight of ground material in a muffle furnace
(Nabertherm, Bremen, Germany) at 550 °C for 4 h. The
neutral and acid detergent fibre concentrations of the
concentrate were obtained using an Ankom-200 fiber
analyzer (Ankom Technology, Fairport, NY) [25]. The
crude protein content (total N × 6.25) was determined
with a Leco FP 528 nitrogen analyzer (Leco Instruments
UK Ltd., Newby Road, Hazel Grove, Stockport, Cheshire,
UK) [26]. Ether extract was determined with a Soxtec in-
strument (Tecator, Hoganas, Sweden), while GE was de-
termined with a Parr 1201 oxygen bomb calorimeter
(Parr, Moline IL).
Body weight gain was calculated by fitting a linear re-
gression through body weights recorded during the
experiment.
Statistical analysis
All data analysis was conducted using appropriate proce-
dures of the Statistical Analysis Systems software v9.1
(SAS Institute, Cary, NC, USA). Data were tested for
normality of distribution (UNIVARIATE procedure) and,
where appropriate, transformed to the power of lambda
(TRANSREG procedure). Data were then subjected to a
repeated measures ANOVA (MIXED procedure). Differ-
ences in individual least-square means were evaluated
using the Tukey-Kramer adjustment. Diet (FO vs GL),
sample day (or period), block, and their interactions
were included in the model as fixed effects. Calf age
(range of 9 d) was included as a covariate. Neutrophil to
lymphocyte ratio, measured on blood samples collected
on the day of allocation to treatment was used as a
proxy for immune status and was also initially included
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as a co-variate in the statistical analysis, as appropriate.
If not statistically significant (P > 0.05), co-variates and
interaction terms were subsequently excluded from the
final model. Animal was treated as a random effect,
while sample day or period were treated as a repeated ef-
fect for all analyses. Treatment effects on animal per-
formance, feed intake and feeding behaviour and all
blood analyte data (metabolic hormones, metabolites,
haematology variables and fatty acids) were determined
using mixed models ANOVA and specifically the
MIXED procedure with the REPEATED statement
employed where appropriate.
Results
Feed intake
No three-way interactions were identified between FO,
GL and period (P > 0.05) for any feed related variable
measured (Table 3). No main effects of treatment on
MR intake were detected, however a FO ×GL inter-
action (P = 0.04) was observed but not considered to be
of biological importance, with the greatest differences in
mean MR intake between all four treatments still less
than 0.1 L/d (mean MR intake 4.69, 4.68, 4.65 and 4.63
L/d for CON, FO, GL and FOGL, respectively).
A dietary treatment interaction was observed for con-
centrate intake, which averaged 1.39, 1.27, 1.00 and 0.72
kg/d for CON, FO only, GL only and FOGL calves, re-
spectively (SEM= 0.037; P < 0.0001). In addition, a period
× GL interaction for concentrate intake was manifested as
a greater difference in concentrate intake between
non-GL supplemented calves and GL supplemented
calves in the post-weaning period (1.97 vs 1.19 kg/d re-
spectively; SED = 0.037), compared to pre-weaning (0.69
vs 0.53 kg/d respectively; SED = 0.026).
These results were reflected in the GE intake (GEI)
data, where a FO ×GL interaction was also detected,
with mean GEI values of 28.6, 26.1, 22.2 and 17.8MJ/d
observed for CON, FO, GL and FOGL calves, respect-
ively (SEM = 0.42; P < 0.0001). Period × GL and period ×
FO interactions for GEI were also observed. Similar to
concentrate intake, the difference in GEI between
non-GL and GL supplemented calves was greater in the
post-weaning period (32.08 vs 19.47MJ/d respectively;
SED = 0.612) than the pre-weaning period (22.64 vs
20.60MJ/d respectively; SED = 0.391). The period × FO
interaction for GEI was also manifested as a greater dif-
ference between non-FO and FO supplemented calves
post-weaning (28.0 vs 23.56MJ/d; SED = 0.611) than in
the pre-weaning period (22.88 vs 20.36MJ/d; SED =
0.390).
Feeding behaviour
The effect of calf MR supplementation with FO and GL
on feeding behaviour is summarised in Table 4. No dif-
ference (P > 0.05) was detected between FO supple-
mented or un-supplemented calves in the number of
visits to the MR feeder per day where feed was or was
not consumed. There was also no difference (P > 0.05) in
the number of visits per day where milk was consumed
between GL supplemented and un-supplemented calves.
However GL supplemented calves had less visits to the
feeder where milk was not consumed (P = 0.02) than
un-supplemented calves. Drinking speed was greater (P
= 0.02) for FO supplemented than un-supplemented
calves, but did not differ between GL supplemented and
un-supplemented calves (P = 0.85).
A three way interaction (P < 0.0001) was observed be-
tween FO, GL and period in the number of visits to the
concentrate feeder, which was manifested as a change in
rank between the two periods. In the pre-weaning period
the daily number of visits per calf to the concentrate
feeder was 22.9, 22.4, 20.9 and 17.2 (SEM = 1.83) for
CON, FO only, GL only and FOGL calves, respectively,
while during the post-weaning period the daily number
of visits to the concentrate feeder was 25.1, 17.7, 17.0
and 16.1 (SEM = 1.86) for FO only, GL only, FOGL and
CON calves, respectively. A FO × period interaction was
also observed for cumulative min/d spent in the concen-
trate feeder (P < 0.0001) whereby during the pre-weaning
period, FO supplemented calves spent less time in the
concentrate feeder compared to non-FO supplemented
calves (35.27 vs 43.84 min/d respectively; SED = 2.933),
with no difference observed post-weaning.
Performance, fecal scores and rectal temperatures
The effects of dietary FO and GL supplementation
on calf performance, fecal scores and rectal tempera-
tures in the periods relative to weaning are
Table 3 Effect of FO and GL supplementation on feed intake in the pre- and post-weaning periods
Trait Fish Oil (FO) β -Glucans (GL) Period (P) relative to weaning P-value Interactionsb
– + SED – + SED Pre Post SED FO GL P FO×GL P×FO P×GL
Milk replacer, litres/d 4.65 4.66 0.034 4.67 4.64 0.034 4.66 n/a n/a 0.80 0.45 n/a 0.038 n/a n/a
Concentrates, kg DM/d 1.20 0.99 0.018 1.32 0.86 0.019 0.61 1.58 0.026 <.0001 <.0001 <.0001 0.0013 ns <.0001
Total GEI, MJ/da 25.44 21.96 0.307 27.36 20.03 1.714 21.62 25.78 0.510 <.0001 <.0001 <.0001 0.0082 0.02 <.0001
aTotal Gross Energy Intake –Includes gross energy of FO (37 MJ/kg) and/or GL (16 MJ/kg) where appropriate
bNo FO×GL×P interactions were detected. Interactions are described in the text when significant
ns not significant, n/a not applicable
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summarised in Table 5. No three-way interactions
were detected for any of the variables presented (P >
0.05). There was an interaction between FO and GL
for end weight (P = 0.04) whereby FO only, GL only,
FOGL and CON calves, respectively weighed 156,
156, 149 and 169 kg (SEM = 1.46). We also observed
a FO × period interaction for ADG (Table 5), where
during the pre-weaning period, FO supplemented
calves had lower ADG than non FO supplemented
calves (0.24 vs 0.38 kg/d; SED = 0.043; P = 0.013 for
FO+ vs FO–), while no effects of FO supplementa-
tion in the post-weaning and post turnout periods
were shown. A further interaction was detected be-
tween GL and period for ADG (Table 5), whereby
no effect of GL supplementation was observed in the
pre-weaning and post-turnout periods, while during
the post-weaning period, GL supplemented calves
had lower mean ADG than non GL supplemented
calves (1.00 vs 1.28 kg/d; SED = 0.044; P < 0.0001).
During the post-weaning period, animals supple-
mented with FO had an ADG of 1.22 which was
greater than the FOGL group (1.22 vs 0.91 kg/d;
SEM = 0.88; P = 0.029). The CON animals also had a
greater ADG than the FOGL group during this
period (1.34 vs 0.91 kg/d; SEM = 0.86; P = 0.002). Calf
ADG was greatest during the post-weaning period
when concentrates were the main dietary
component.
Calves on the FO– and GL– diets had greater (P <
0.001) weaning, turnout and end weights than calves on
the FO+ and GL+ diets. No effect (P > 0.05) of FO was
observed in fecal scores, however GL supplemented
calves tended to have greater fecal scores than non GL
supplemented calves (P = 0.098). Fecal scores for all
calves were lower (P = 0.002) in the pre-weaning period
than the post-weaning period. Rectal temperatures were
found to be generally within the normal range for all
calves but were lower (P < 0.001) for calves
Table 4 Effect of fish oil and β-glucans supplementation in calf milk replacer on feeding behaviour
No. of visits per day where: Fish Oil (FO) β-Glucans (GL) Period (P) relative
to weaning
P-valuea
– + SED – + SED Pre Post SED FO GL P FO×GL FO×P GL×P FO×GL×P
Milk consumed 3.45 3.62 0.164 3.50 3.57 0.164 – – – 0.29 0.68 – ns – – –
Milk not consumed 11.85 11.66 1.102 13.08 10.44 1.103 – – – 0.87 0.02 – ns – – –
Drinking rate, L/min 1.09 1.21 0.053 1.15 1.15 0.053 – – – 0.02 0.85 – ns – – –
Visits where concentrate was
consumed, visits/d
19.38 20.42 1.798 21.61 18.20 1.798 20.84 18.97 0.638 0.29 0.056 0.003 0.071 <.0001 ns <.0001
Time in concentrate feeder,
min/d
55.40 51.45 2.894 56.99 49.86 2.893 39.56 67.29 1.091 0.17 0.014 <.0001 ns <.0001 ns ns
aInteractions are described in the text when significant
ns not significant
Table 5 Effect of FO and GL supplementation on animal performance, rectal temperature and fecal scores
Fish Oil (FO) β-Glucans (GL) Period (P) relative to weaning P-valuef
– + SED – + SED Pre Post Post-
turnout
SEM FO GL P FO×GL FO×P GL×P
Start weight, kg 48.7 48.1 0.43 48.5 48.3 0.42 ns ns ns ns ns
Weaning weight,
kga
66.1 60.0 0.39 65.2 60.9 0.39 <.0001 <.0001 ns ns ns
Turnout weight, kgb 108.4 95.8 0.95 110.0 94.1 0.95 <.0001 <.0001 ns ns ns
End weight, kgc 162.4 152.6 1.48 162.4 152.6 1.45 <.0001 <.0001 0.04 ns ns
ADG, kg/dd 0.78 0.71 0.042 0.81 0.68 0.042 0.31 1.14 0.78 0.022 0.060 0.001 <.0001 ns <.0001 <.0001
Fecal scoree 2.15 2.15 0.080 2.1 2.2 0.08 2.06 2.24 0.056 0.984 0.098 0.002 ns ns ns
Rectal temperature,
°C
38.86 38.63 0.057 38.69 38.81 0.057 38.69 38.81 0.046 <
0.0001
0.035 0.011 ns ns ns
aWeaning weight = weight at end of milk feeding period
bTurnout weight = weight at end of concentrate feeding and before turn out to grass
cEnd weight = weight after 3 months at grass
dADG = Average daily gain over a 172-day period starting on d 0 of the experiment
eFecal score ranged from 1 to 4; 1 = firm, 2 = semi-solid, 3 = liquid, 4 = very liquid
fInteractions are described in the text when significant
ns not significant
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supplemented with FO compared to non-FO supple-
mented calves. In contrast, for GL, un-supplemented
calves had lower (P = 0.035) mean rectal temperatures
than supplemented calves. Lower rectal temperatures in
all calves were observed in the pre-weaning period than
the post-weaning period (P = 0.011).
Plasma fatty acid content
Table 6 shows the mean concentration of fatty acid me-
thyl esters (FAME; as a % of total FAME) in plasma at
two timepoints, (1) before the experiment started and
(2) while MR was being supplemented with FO, GL and
soya oil (d 29). There was a three way FO ×GL × timing
interaction for C16:0 whereby in timing 2, FOGL calves
had the highest content of C16:0 (28.9%) compared to
calves receiving FO only or CON (21.4% and 23.1% re-
spectively), with GL only calves lowest at 16.9%. A simi-
lar three way interaction was detected for C18:0,
whereby no effect of treatment was observed in timing
1, while in timing 2 CON calves had a greater (P =
0.039) concentration of C18:0 (13.58%) than FO only,
GL only and FOGL calves which did not differ (9.21%,
8.75% and 10.73% respectively).
There was a FO × timing interaction for C18:2n-6c
(linoleic acid), whereby no difference in FO+ and FO–
calves was detected in timing 1, while in timing 2, FO+
calves had lower concentrations of C:18:2n-6c than FO-
calves (17.38% vs 34.94%; SED = 1.545, P < 0.001). An
additional FO × timing interaction was observed for
C22:1n-9c + C20:3n-6, whereby FO+ calves had greater
levels than FO– calves in timing 2 only (1.58% vs 0.68%,
SED = 0.342, P = 0.024). There were also FO × timing in-
teractions observed for the n-3 PUFA C20:5n-3 (EPA)
and C22:6n-3 (DHA). No EPA or DHA was detected in
timing 1, however in timing 2, EPA was greater in FO+
calves than FO– calves (12.25% vs 2.19%, SED = 2.93, P
= 0.004). Likewise DHA was greater in FO+ calves than
FO– calves in timing 2 (P = 0.0025).
Blood hormones and metabolites
The effects of supplementation of calves with FO and GL as
well as period effects on systemic hormones and metabolites
are summarised in Table 7. No three-way interactions were
detected between the main effects for any plasma analyte
measured (P > 0.05). There was a FO×GL interaction for
plasma insulin (P < 0.0064) whereby CON calves had great-
est concentrations of plasma insulin, with GL calves also
having greater levels than FO and FOGL calves (mean
plasma insulin concentration = 3.15, 2.15, 1.48 and 1.64 μIU/
mL for CON, GL, FO and FOGL calves, respectively; SEM
=0.370). In addition, there was a FO×period interaction for
insulin (P= 0.037), which was manifested as no effect of FO
supplementation in the pre-weaning or post-weaning pe-
riods, while during the peri-weaning period FO supple-
mented calves had lower (P= 0.006) insulin concentrations
(0.65 vs 1.98 μIU/mL; SED= 0.246 for FO+ vs FO–).
There was an interaction between FO and period for
plasma IGF-1 concentration (P = 0.057), whereby no ef-
fect of FO supplementation was observed in the
pre-weaning period, while during the peri-weaning
period (P = 0.068) and post-weaning period (P = 0.05) FO
supplemented calves tended to have lower IGF-1 con-
centrations (peri-weaning: 40.04 vs 84.05 ng/mL, SED =
18.043; post-weaning: 90.81 vs 150.00 ng/mL; SED =
18.20 for FO+ vs FO–, respectively). We also detected
an interaction between GL and period for plasma IGF-1
concentration, manifested as no effect of GL supplemen-
tation in the pre-weaning or peri-weaning periods, while
during the post-weaning period, GL supplemented calves
had lower (P = 0.023) IGF-1 concentrations (82.64 vs
158.16 ng/mL; SED = 18.2, for GL+ vs GL–). There was
a strong tendency towards an interaction between GL
Table 6 Effect of FO and GL supplementation on plasma concentrations of selected fatty acid methyl esters (FAME) as a % of total
FAME
Fish oil (FO) β-Glucans (GL) Timingc P-valuea
– + SED – + SED 1 2 SED FO GL T FO × GL FO × T FO × GL × T
C16 15.1 20.5 1.70 18.2 17.5 1.70 13.0 22.6 1.70 0.003 0.684 <.0001 0.074 ns 0.0321
C16:1 16.7 14.7 1.40 14.9 16.5 1.36 22.2 9.2 1.50 0.168 0.257 <.0001 ns ns ns
C18 8.0 8.2 0.68 8.6 7.7 0.68 5.7 10.6 0.68 0.817 0.193 <.0001 0.015 0.053 0.0388
C18:1n-9c 7.3 6.8 0.57 7.2 7.0 0.57 6.8 7.3 0.57 0.459 0.721 0.442 ns ns ns
C18:2n-6c 22.0 12.0 1.09 18.2 15.9 1.09 7.9 26.2 1.09 <.0001 0.038 <.0001 ns <.0001 ns
C20 + C20:1 1.3 1.5 0.20 1.3 1.5 0.21 1.8 1.0 0.21 0.203 0.240 0.001 ns ns ns
C22:1n-9c + 20:3n-6 1.0 1.4 0.22 1.1 1.2 0.21 1.2 1.1 0.22 0.128 0.668 0.612 ns 0.035 ns
EPA 0.938 5.616 1.02 4.056 5.617 0.807 ndb 7.2 2.94 0.0003 0.166 <.0001 ns <.0001 ns
DHA 0.010 0.830 0.05 1.045 0.401 0.34 nd 1.1 – <.0001 0.338 – ns 0.001 ns
aNo significant GL × Timing interactions observed (P > 0.05). Interactions are described in the text when significant
bNon detectable
cBlood sample timing; Timing 1 = d 0 (pre-supplementation), Timing 2 = d 29
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and period for glucose concentration (P = 0.058)
whereby GL supplementation in the pre-weaning period
had no effect on glucose concentration (3.69 vs 3.86
mmol/L; SED = 0.178 for GL+ vs GL–), while during the
peri-weaning and post-weaning periods GL supple-
mented calves had lower glucose concentrations than
non GL supplemented calves (peri-weaning 3.28 vs 3.85
mmol/L; SED = 0.178 & post-weaning 3.68 vs 4.26
mmol/L; SED = 0.178 for GL+ vs GL–). There was also
an interaction between FO and period for plasma urea
concentration (P = 0.003), manifested as no effect of FO
supplementation in the pre-weaning or the post-weaning
period while during the peri-weaning period FO supple-
mented calves had greater (P = 0.001) plasma urea con-
centrations (peri-weaning: 3.33 vs 2.50 mmol/L; SED =
0.137, for FO+ vs FO–). No further two-way interactions
between either of FO, GL or period were detected for
plasma, metabolic hormones or metabolites.
Mean insulin concentrations in all calves were lower (P >
0.001) in the peri-weaning period than in the pre- and
post-weaning periods, while mean concentrations of IGF-1
were greater (P < 0.01) in all calves during the post-weaning
than in pre- and peri-weaning periods. Calves supplemented
with FO had a lower mean (P < 0.001) plasma glucose con-
centration than un-supplemented calves. Glucose concentra-
tions in all calves were lowest in the peri-weaning period and
greatest in the post-weaning period (P= 0.0001). Mean con-
centrations of βHBA were greater as calf age increased
throughout the experiment.
Blood haematology variables
The effect of dietary supplementation with FO and GL
on a number of haematological indicators of immune
Table 7 Effect of FO and GL supplementation on plasma concentrations of metabolic hormones and metabolites
Fish Oil (FO) β-Glucans (GL) Period (P) relative to weaning P-valuea
– + SED – + SED Pre Peri Post SED FO GL P FO×GL FO×P GL×P
Hormones
Insulin, μIU/mL 2.65 1.56 0.197 2.31 1.89 0.197 2.59 1.31 2.40 0.311 0.005 0.338 <.0001 0.0064 0.037 ns
IGF, ng/mL 107.56 66.98 16.091 103.77 70.77 16.087 79.37 62.04 120.40 10.368 0.012 0.173 <.0001 ns 0.057 <.0001
Metabolites, mmol/L
Glucose 4.00 3.55 0.139 3.99 3.55 0.139 3.78 3.57 3.97 0.139 0.001 0.002 0.0001 ns ns 0.058
ΒHBA 0.27 0.27 0.018 0.26 0.29 0.018 0.12 0.31 0.38 0.011 0.930 0.195 <.0001 ns ns ns
Urea 2.65 3.12 0.158 2.83 2.93 0.158 2.60 2.91 3.13 0.134 0.003 0.370 0.003 ns 0.003 ns
aInteractions are described in the text when significant
ns not significant
Table 8 Effect of FO and GL supplementation in calf milk replacer on haematology variables
Fish Oil (FO) β-Glucans (GL) Period (P) relative to weaning P-valuee
– + SED – + SED Pre Peri Post SED FO GL P
Haptoglobin, mg/mL 0.28 0.26 0.024 0.25 0.30 0.024 0.34 0.26 0.22 0.022 0.057 0.034 <.0001
WBCa, × 103 cells/μL 11.2 9.4 1.28 10.6 10.0 0.54 9.8A 10.5B 10.6B 0.28 0.185 0.272 0.004
RBCb, × 106 cells/μL 23.2 23.0 1.14 23.1 23.1 0.44 23.5A 22.6B 23.2A 0.17 0.940 0.927 <.0001
Neutrophils, % 29.1 29.0 1.81 27.5 30.6 1.81 27.7A 28.4A 31.1B 1.31 0.913 0.149 0.009
Lymphocytes, % 56.5 57.5 1.92 59.2 54.8 1.92 58.2 56.6 56.3 1.11 0.568 0.027 0.114
Monocytes, % 10.4 9.9 0.58 9.9 10.4 0.58 10.3A 10.7A 9.5B 0.33 0.444 0.345 0.001
Leukocyte, % 0.70 0.86 0.138 0.74 0.83 0.050 0.79A 0.84AB 0.72AB 0.044 0.379 0.427 0.001
Osmolality 6.09 6.12 0.086 6.00 6.20 0.086 5.77A 6.30B 6.23B 0.065 0.716 0.021 <.0001
IFN- γ PHAc 0.61 0.49 0.074 0.64 0.47 0.074 0.71A 0.54B 0.41C 0.055 0.162 0.019 <.0001
IFN- γ Con Ad 1.11 1.02 0.072 1.16 0.97 0.072 1.17A 1.04B 0.99AB 0.047 0.234 0.012 0.009
aWhite blood cells
bRed blood cells
cIFN- γ PHA = Lymphocyte interferon gamma production in response to phytohaemagglutinin A expressed as absorbance at 450 nm
dIFN- γ Con A = Lymphocyte interferon gamma production in response to concanavalin A expressed as absorbance at 450 nm
eThere were no interactions between the main effects detected for haematology variables with the exception of a FO × P interaction for haptoglobin where
during the peri-weaning period there was a strong tendency (P = 0.053) for FO supplemented calves to have lower haptoglobin concentrations compared with
un-supplemented calves (Peri-weaning: 0.22 vs 0.30 mg/mL; SED = 0.035) for FO+ vs FO–), however no differences were detected in either the pre- or
post-weaning periods
A-CMeans within a row with different superscripts differ significantly (P < 0.05)
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function is summarised in Table 8. No three way FO ×
GL × period interactions were observed for any of the
haematology variables presented. An interaction between
FO supplementation and period was detected for hapto-
globin concentration, where no effect of FO was
observed in either the pre- or post-weaning periods
while during the peri-weaning period, FO supplemented
calves tended to have lower (P = 0.053) haptoglobin con-
centrations (Peri: 0.22 vs 0.30 mg/mL; SED = 0.035 for
FO+ vs FO–). The concentration of haptoglobin was
greater (P = 0.034) in calves supplemented with GL com-
pared to their un-supplemented contemporaries. There
was no effect of either FO or GL detected on the num-
bers of white blood cells or red blood cells, or percent-
ages of neutrophils, monocytes or leukocytes (P > 0.05).
No difference in lymphocyte percentage was observed
during any of the three periods examined for FO supple-
mented or un-supplemented calves; however GL supple-
mented calves had a lower percentage of lymphocytes
(P = 0.027) than un-supplemented calves throughout the
study. Mean serum osmolality was greater in GL supple-
mented calves (6.20 vs 6.00; SED = 0.086; P = 0.021 for
GL+ vs GL–). No effect of FO supplementation on
serum osmolality was detected (P > 0.05). No effect of
FO supplementation on in vitro PHA or Con A stimu-
lated IFN-γ production was shown, however GL supple-
mented calves produced lower levels of PHA stimulated
IFN-γ (P = 0.019) and Con A stimulated IFN-γ (P =
0.012) throughout the experimental period than their
un-supplemented contemporaries. Haptoglobin concen-
trations were greater (P = 0.001) and white blood cell
numbers were lower (P = 0.005) in all calves in the
pre-weaning period than in the peri and post-weaning
periods. Neutrophil percentages were also greater (P =
0.009) and monocytes lower (P = 0.01) during the
post-weaning period than during the pre- and
peri-weaning periods. Serum osmolality was found to be
lower (P = 0.001) during the pre-weaning period than
the peri and post-weaning periods. We also observed an
effect of period on in vitro PHA and Con A stimulated
IFN-γ production, which declined with increasing age
(P < 0.0001 and P = 0.009, respectively).
Discussion
Feed intake and performance
Nutrition and performance during early life in dairy
calves has been reported to play an important role in
lifetime performance. Greater ADG pre-weaning is asso-
ciated with increases in first lactation milk yield in
heifers [27], and greater 25-month slaughter weights in
Friesian bull calves [28]. Overall, the rates of ADG ob-
served in the present study were comparable to HF bull
calves in a recent experiment from our lab which com-
pared pre-weaning rearing regimes for HF and Jersey
bull calves at differing planes of nutrition [29]. Calves
that received FO had lower ADG to weaning than non
FO supplemented calves, which was likely due to the re-
duced intake of concentrates in the pre-weaning period
in calves offered FO. A recent experiment by Ghasemi et
al. [30] also showed that voluntary starter concentrate
intake, and subsequently ADG, was significantly lower in
pre-weaned Holstein calves offered starter containing a
3% fat blend of FO, soya oil and palm fat, compared to
un-supplemented controls. During the post-weaning
period, calves supplemented with GL had a lower ADG
than non GL supplemented calves, which was also prob-
ably caused by the reduced intake of concentrates in GL
supplemented calves during this period. Additionally, it
should be acknowledged that we did not measure DMI
of the small quantity of hay offered to each group, how-
ever, the observed trends and differences in concentrate
intake between groups are likely to be the main factor
affecting the varying growth rates observed. Voluntary
intake of ryegrass hay by dairy calves was shown in a
previous study to average just 46 g DM/d over the
pre-weaning period [31], and if we assume similar levels
were consumed here it would only equate to approx. 3%
of the total DMI. It is also possible that the soya oil
(high in linoleic acid, an n-6 PUFA) fed to non-FO sup-
plemented calves may have enhanced their performance.
Garcia et al. [32] reported improved growth, perform-
ance and immune responses in calves consuming 3–5 g/
d of linoleic acid and 0.3–0.6 g/d of α-linolenic acid,
whilst Ghasemi et al. [30] also reported a tendency to-
wards greater pre-weaning ADG in calves supplemented
with soya oil in starter compared to control calves. The
soya oil was used in the current study to ensure all diets
were iso-lipidic, so as to avoid performance comparisons
being confounded by differing dietary energy densities.
However, irrespective of the effects of supplementation
with either FO or GL on immune function, previous
work suggests that the lower ADG observed here in
calves offered either of these supplements during the pre
and post-weaning period, if extrapolated to dairy heifer
calves, may result in reduced milk yield, for at least their
first lactation [27, 33].
The crude protein and lipid concentrations of 22.8%
and 16.1% present in the base MR used in the current
study were comparable with [7], albeit slightly lower in
lipid content (16.1% vs 18%). The addition of 40 g of FO
per day meant that approximately 7% of mean daily en-
ergy intake provided in the MR in the pre-weaning
period was in the form of n-3 PUFA. The proportion of
FO supplemented as a percentage of total DMI would
have declined as the experiment progressed due to in-
creasing intake of concentrate. The suppressive effect of
FO on DMI intake observed in the current study is well
described for more mature cattle by both ourselves [18]
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and other authors, and was also reported in concentrate
starter intake of pre-weaned calves [30]. This effect may
also be related to the relatively high supplementation
level of FO used here, however all calves not supple-
mented with FO also consumed an equivalent amount
of soya oil, and no suppressive impact on concentrate
DMI was apparent. Ballou and DePeters [7], did not
offer any calf starter in their experiment which involved
supplementation of MR with n-3 fatty acids from FO to
Jersey calves at an additional 2% of total DMI, and de-
tected no treatment effects on ADG or efficiencies of
gain. Their method of delivery of supplementary FA did
differ from ours in that they blended the dietary oils
with silica dioxide and added them to MR powder before
storage in sealed bags at 4 °C [7]. The significantly
greater content of EPA and DHA in plasma FA while
calves were consuming FO in our study, gives us confi-
dence in the method and delivery of FO used here,
which was directly added to the reconstituted MR at
each feeding event. Moreover, a further analysis of
plasma FA content approximately 1 month post-weaning
did not detect any EPA and DHA in the FO supple-
mented calves.
As regards the reduced concentrate intake observed in
GL supplemented calves, greater DMI of starter in con-
trol calves than calves fed GL plus ascorbic acid in MR
was also shown in an experiment where calves were sub-
jected to a transport stressor in their first 10 d of life and
then monitored for 28 d afterwards [15]. Feed intake in
the current study, when expressed as MJ of GE/d, was
greater in all un-supplemented calves (in receipt of nei-
ther FO nor GL supplements) throughout the course of
the experimental period, due to the differences in con-
centrate intake.
Feeding behaviour
Optimal artificial-rearing husbandry practices, continu-
ous health monitoring, disease investigation and targeted
prevention lead to good dairy calf welfare [34]. Compu-
terised feeding systems by their nature give rise to in-
creased competition for milk between calves [35]. There
was no observed difference between any of the treat-
ment groups in the number of visits to the feeder where
milk was consumed, however the animals not receiving
GL had more unrewarded visits to the feeder than GL
supplemented calves. A reduction in unrewarded visits
to automated milk feeders has previously been associ-
ated with increased illness in group housed calves [36,
37]. However, it has also been suggested that a high rate
of unrewarded visits is often an indication of increased
hunger, particularly at lower levels of intake [38, 39].
This may signify that GL supplementation had a satisfy-
ing effect on hunger levels in the GL supplemented
calves, particularly given that these calves also spent less
time in the concentrate feeder and had less visits per day
where concentrates were consumed than their non GL
supplemented counterparts. There was no effect of FO
supplementation on the amount of unrewarded visits to
the MR feeder (mean 11.76 visits/d). This is lower than
previously reported values where HF calves receiving 4.8
L per day of MR had a mean total of 31 unrewarded
visits per day [38]. However this may be due to the fact
that those calves’ daily milk allowance was divided into a
minimum of six portions, double the minimum of three
daily portions available to our calves. The reduction in
unrewarded visits to the calf feeder observed here in GL
supplemented calves may have positive consequences in
terms of reducing incidences of cross-suckling, a detri-
mental practice whereby group housed calves direct
non-nutritive sucking towards another calves body,
which can cause severe problems such as urine con-
sumption and navel ill [40]. In the current study, we also
showed that FO supplemented calves had a faster drink-
ing rate than non FO supplemented calves. This effect
was not observed for the GL treatment groups. The
drinking speed rates observed in the current study are
quite high, with all treatment groups averaging drinking
speeds in excess of 1 L/min over the pre-weaning period.
Interestingly our data are greater than the maximum calf
drinking speed of 1 L/min suggested by Haley et al. [40].
By comparison, our lab observed drinking speeds ran-
ging between 0.87–0.99 L/min in similar HF bull calves
[29]. The fact that the FO supplemented calves had a
significantly greater drinking speed than non FO supple-
mented calves indicate that there was no issues with the
palatability of the FO mixed in with the MR.
Calf health
Mean fecal scores did not differ between any of the
treatment groups over the course of the experimental
period despite the differences in total GEI observed;
however post-weaning all calves had greater fecal scores
compared to the pre-weaning period. In agreement, Bal-
lou and DePeters [7] also observed no effect of FO sup-
plementation on fecal scores of Jersey calves in the
pre-weaning period. Interestingly, the mean and range of
fecal scores in our study are substantially greater than
those reported by Ballou and DePeters [7] and Quigley
et al. [41], who both observed scores ranging from 1.4–
1.7 in their respective studies. This is most likely due to
interpretive differences between the individuals scoring
the faeces in the respective experiments, but may also
indicate superior health status in calves used in these
two studies. Marginally lower fecal scores were reported
in calves supplemented with 1 g/d of GL [16], however
we did not detect any differences between the respective
GL treatment groups in our study.
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Although there were small statistically significant dif-
ferences in rectal temperatures observed between treat-
ments, these differences are unlikely to be of biological
importance given that the mean and range of tempera-
tures for all groups were within the normal range for
healthy calves. The significantly greater rectal tempera-
tures observed post-weaning in all calves are most likely
related to the increased stress and greater susceptibility
to infection and disease that has previously been re-
ported in newly weaned calves [42, 43].
Blood hormone and metabolite concentrations
It is well documented that greater blood concentrations
of IGF-1 are associated with increased rates of growth in
neonatal calves [44–46], due to its regulation of both
skeletal and muscle development in cattle [47]. Further-
more, elevated levels of IGF-1 have been shown to boost
immune function [46]; enhanced T-lymphocyte activity
in response to stress-induced raised levels of immuno-
suppressive glucocorticoids has previously been associ-
ated with greater levels of serum IGF-1 [48]. In the
current study, plasma IGF-1 concentrations were signifi-
cantly greater in non FO supplemented calves relative to
their FO supplemented contemporaries, during both the
peri- and post-weaning periods. Similarly, plasma IGF-1
was greater for non GL supplemented calves in the
post-weaning period. The positive association between
increased feed intake and IGF-1 secretion is well estab-
lished in dairy calves [41] and is likely the main mechan-
ism explaining the results observed here. These data are
in contrast to an earlier study of ours that reported
greater concentrations of IGF-1 with increasing dietary
FO levels, albeit in older crossbred heifers [18]. In
addition there was a significant effect of period on over-
all IGF-1 levels across all treatments in the current
study, which were lowest in the peri-weaning period and
highest in the post-weaning period. It is likely this
mainly reflects the reduced levels of intake and perform-
ance evident in the immediate post-weaning period, but
may also be due to an elevated immune response during
this period, resulting in an increased production of
pro-inflammatory cytokines [49]. However we did not
detect any increase in IFN-γ production in the
peri-weaning period; instead IFN-γ production was actu-
ally lower than in the pre-weaning period. Other
pro-inflammatory cytokines such as Interleukin-8 and
tumor necrosis factor-α were not measured in the
current study and hence may have been present at ele-
vated levels in the peri-weaning period. Reduced growth
rates and plasma IGF-1 concentrations have previously
been associated with this incidence [41]. Overall, the
range in concentrations of IGF-1 reported here are simi-
lar to those observed in earlier studies [44, 45] and
slightly lower than those recorded by Quigley et al. [41],
although in that particular study the greater IGF-1
plasma concentrations were most likely due to the fact
that those calves were on a higher plane of nutrition
than the calves in our experiment. In contrast, both Gra-
ham et al. [46] and Garcia et al. [32] reported much
lower concentrations of serum and plasma IGF-1, re-
spectively, in Holstein dairy calves, in the range of 10–
42 ng/mL.
The range of values reported in the current study for
plasma insulin and glucose concentrations are compar-
able with those previously observed in Holstein calves
[29, 32, 45]. The increased plasma concentrations of glu-
cose in non FO or GL supplemented calves could indi-
cate more efficient absorption of sugars from the MR
through the abomasum in these calves during the
pre-weaning stage, given that the majority of dietary nu-
trients in all animals were obtained from the MR during
this period. The increased concentrate intake in non FO
or GL supplemented calves is also probably associated
with the greater plasma glucose levels in these animals,
though recent work by Suarez-Mena et al. [50] indicates
blood glucose is an unreliable proxy for starter intake in
dairy calves. Regardless of the mechanisms involved, in
the current study both glucose and insulin results indi-
cated a better metabolic status in calves not receiving
FO or GL. The lower levels of plasma glucose and insu-
lin observed in calves supplemented with FO are also in
agreement with an earlier study where reduced levels of
serum insulin and glucose in calves consuming FO be-
tween 8 and 24 h after an endotoxin challenge were re-
ported [10]. Furthermore, Vargas Rodriguez [51] showed
that pre-weaned calves supplemented with two levels of
DHA derived from algal oil also had lower plasma glu-
cose concentrations than control calves. In contrast to
our results, Garcia et al. [32], did not detect any differ-
ences in mean plasma concentrations of the anabolic
hormones insulin and IGF-1 between four groups of
calves receiving increasing amounts of linoleic and
α-linolenic acid. Ultimately the significantly higher glu-
cose and insulin levels in the non FO and non GL sup-
plemented calves most likely relates to the greater feed
and sugar intake in these calves. Glucose and glutamine
are key energy sources of leukocytes, and indeed it has
been suggested that a greater availability of glucose in
calves could conceivably improve leukocyte function [52].
The increasing concentrations of plasma βHBA as
calves grew older is in agreement with several other
published studies [29, 32, 53]. Beta hydroxybutyrate is
synthesized by ruminal epithelial cells during absorption
of butyric acid, and this process is enhanced by in-
creased concentrate intake, as a result of greater levels
of butyric acid being produced by microbial fermenta-
tion of sugars. Given that increasing blood βHBA con-
centration is related to initiation of solid feed intake in
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young ruminants, and thus an indicator of the state of
rumen wall metabolic activity [54], the lack of a treat-
ment effect on plasma βHBA concentrations in the
current study would appear to indicate that supplemen-
tation with either FO or GL has no impact on initiation
of rumen wall metabolic activity. Despite this however,
concentrate intake was shown to be greater in non FO
or GL supplemented calves post-weaning. It is also pos-
sible that intake of hay, which was not quantified, was
greater in both the FO and GL supplemented calves dur-
ing this period, compensating for the lower amount of
concentrate available for microbial fermentation in the
post-weaning period. Plasma urea concentrations in-
creased as calves moved from the pre-weaning phase
through to the post-weaning period. This is in agree-
ment with Quigley et al. [41], who attributed greater
plasma urea nitrogen concentrations in post-weaned
calves to increased ruminal fermentation of dietary pro-
tein and subsequent absorption of ammonia from the
rumen. The greater plasma urea concentrations ob-
served in the FO supplemented calves during the
peri-weaning period may indicate that the stress associ-
ated with weaning caused a reduction in metabolism of
rumen degradable protein in calves supplemented with
FO, particularly given that the total available dietary pro-
tein for fermentation would have already been lower in
the FO supplemented calves due to the reduced concen-
trate intake of this group in the post-weaning period.
Published work detailing the effects of FO supplementa-
tion on blood urea concentrations immediately after
weaning is sparse; however the absence of any FO treat-
ment effect on plasma urea concentration in the
pre-weaning period is in agreement with previous work
[7]. These authors also observed a number of treatment
× time interactions in the first 60 d of life on serum con-
centrations of non-esterified fatty acids, glucose and tria-
glycerol, however they advised caution in the
interpretation of these interactions due to the presence
of confounding clinical signs of disease in calves at vari-
ous stages throughout their study [7]. It is difficult to de-
finitively ascertain the effects of stress on metabolite
profiles immediately post-weaning, due to the confound-
ing effects of dietary adaptation following weaning on
metabolic profiles [55].
Blood haematology
Plasma concentrations of the acute phase protein hapto-
globin in cattle have previously been reported to change
from negligible levels to increases of 100 fold upon
stimulation or infection [42, 56] and are therefore a good
indicator of the health status of calves [42]. We observed
a deviation in the effects of both dietary treatments on
haptoglobin levels, where GL supplementation resulted
in greater concentrations of haptoglobin throughout the
experimental period, while FO supplementation had no
effect on haptoglobin concentration in either the pre- or
post-weaning periods, but resulted in a strong trend to-
wards lower concentrations of haptoglobin during the
peri-weaning period. The raised levels of haptoglobin in
GL supplemented calves may indicate an increased in-
flammatory response to the stress of weaning in these
calves, and inversely the lower circulating concentration
of haptoglobin in the calves receiving FO suggests that
FO supplementation pre-weaning attenuates the inflam-
matory response in the days post-weaning [57]. There is
a dearth of information in the literature on the effects of
FO supplementation on circulating haptoglobin concen-
trations post-weaning, however Garcia et al. [32] did de-
tect slightly higher concentrations in pre-weaned calves
fed a lower amount of essential FA and suggested that
this may be the result of a greater immune reaction to
inflammation of the small intestine in calves receiving
more medium chain saturated FA instead of PUFA. Kim
et al. [17] also reported increased levels of serum hapto-
globin in calves supplemented with hydrolysed yeast
containing GL than control calves in the first 3 d follow-
ing a vaccine challenge. These authors suggested that
production of efficient haptoglobin after a vaccine chal-
lenge could have beneficial effects on immune responses
against incoming pathogens.
A review by Yun et al. [57], asserted that innate immune
conditions of calves are stimulated by weaning stress,
resulting in an increase in the expression of acute phase
proteins and pro-inflammatory cytokines. This observa-
tion is supported by our results showing significantly
lower PHA and Con A stimulated IFN-γ production, and
higher haptoglobin concentrations in GL supplemented
calves, suggesting that these calves may have been more
immunologically challenged as a consequence of weaning
stress. However, it should be added that the effect of GL
supplementation on haptoglobin occurred throughout the
study, not just during the peri-weaning phase. No effect of
supplementation with seaweed extract containing GL on
expression of IFN-γ was shown in an earlier study using
pigs [12], however these authors did detect an increase in
expression of the chemokine interleukin-8 in GL-supple-
mented pigs. Interleukin-8 is involved in the recruitment
and activation of neutrophils from the blood to the site of
infection [12]. Neutrophil percentage was greater in the
post-weaning period in all calves in the present study, and
did not differ between the pre- and peri-weaning periods.
Previous studies have shown elevated levels of neutrophil
numbers in the immediate period after weaning, followed
by a return to pre-weaning levels within 2 weeks [42, 58].
In contrast, our results showed no difference between
neutrophil percentages in the pre and peri-weaning pe-
riods and a greater neutrophil percentage in the
post-weaning period. This tendency towards delayed onset
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of peripheral neutrophilia post-weaning, instead of in the
immediate aftermath of weaning, was unexpected and
may be due to our sampling protocol, which included just
two measurements of haematology parameters in the
post-weaning period, 14 and 31 d post-weaning. However
leukocyte percentage was greater in the peri-weaning
period, in agreement with Lynch et al. [55] and indicates
that calves were under a heightened level of stress in this
period. The seven-day length of the weaning period may
also have been a factor affecting the observed
pro-inflammatory response, as recent work from our
group with both HF and Jersey bull calves has shown a
14-day gradual weaning period resulted in minimal
changes to neutrophil and lymphocyte numbers during
the weaning period [59, 60]. Stress can be defined as a
physiological and behavioural state which is brought about
by stress hormones and enables the organism to endure,
avoid or recover from an aversive condition [61]. The im-
mune system defends against environmental challenges
and stresses [62] and communicates with the brain in
order to re-establish homeostasis during the immune re-
sponse to stressful events [63]. The inflammatory response
is initiated early on in order to remove the source of dis-
turbance, to enable the organism to adapt to the new con-
ditions and finally to restore homeostasis [61]. The most
common theory relating stress to immune function is that
stress suppresses immune function in order to maintain
more resources for activities which are more important
for survival, and consequently, increases disease suscepti-
bility [61, 62]. However, this theory is becoming out-dated
as many recent studies have shown that stress can actually
enhance immune function [58, 62, 64, 65]. More recently,
Johnston et al. [60] used RNA-Seq technology to examine
global changes in the whole blood mRNA transcriptome,
between Holstein-Friesian and Jersey calves, in response
to gradual weaning. The results of these studies demon-
strated that the gradual weaning practiced in these studies
was welfare-friendly as it did not induce global differential
gene expression in whole blood or evoke a physiological
stress response in dairy calves [59]. While monocyte num-
bers in cattle have previously been shown to be variable
and inconclusive as biomarkers of stress [58], we detected
a slight reduction in monocyte percentage during the
post-weaning period. However, no treatment effects on
monocyte percentage were detected in the current study.
An earlier study showed increased total monocyte num-
bers in weaned pigs consuming L. hyperborea seaweed ex-
tract, which contains water insoluble GL [12]. Previously
Ballou and DePeters [7], found small differences in mono-
cyte phagocytosis of a preopsonized E. coli between con-
trol calves and FO supplemented calves in the
pre-weaning period, but determined that these changes
were too small to influence host defence. The only white
blood cell type measured in our study which showed an
effect of treatment was lymphocytes, where GL supple-
mented calves had a lower lymphocyte percentage.
O’Loughlin et al. [58] attributed a reduction in lymphocyte
numbers 2 d after weaning to the trafficking of lympho-
cytes from general circulation to tissues and organs at risk
of infection, an effect that has previously been reported
elsewhere [42]. Taken together with the augmented mea-
sures of haptoglobin and IFN-γ in calves consuming GL,
this indicates a change in immune function due to GL
supplementation, particularly around weaning when stress
levels are elevated. Strengthening this theory, the greater
levels of serum osmolality in GL supplemented calves may
be an indicator of increased incidence of diarrhoea in
these animals, which may help to explain the tendency to-
wards marginally higher fecal scores in GL supplemented
calves. T-lymphocytes from the FO and GL supplemented
calves produced numerically lower amounts of IFN-γ
when stimulated by Con A and PHA; however only the
GL supplemented calves reached statistical significance.
Greater mean production of IFN-γ together with constant
or decreased production of the chemokine interleukin-4
signifies an improved ability to switch to a T helper-1 re-
sponse [66]. As neonates are born with a bias towards T
helper-2 against T helper-1 response cells, it can cause an
insufficient response to infectious agents [32]. Whilst we
did not measure production of interleukin-4 in the
current study, the decreased production of IFN-γ ob-
served in GL supplemented calves may potentially indicate
reduced cell mediated and humoral immunity in these
calves. There was no effect of FO supplementation on any
of the haematology variables shown in Table 7 other than
haptoglobin. Ballou and DePeters [7] reported no effect of
FO supplementation on white blood cell counts and
haematocrit percentages in the first 60 d of life. In agree-
ment, we did not detect any effect of FO supplementation
on white or red blood cell counts; despite observing nu-
merically lower white blood cell counts in the FO supple-
mented calves, these differences failed to reach statistical
significance. Garcia et al. [32] observed a linear trend to-
wards decreased concentrations of red blood cells in
pre-weaned calves receiving increasing amounts of essen-
tial FA, and hypothesized that this was related to a re-
duced incidence of diarrhoea in calves receiving more
essential FA; greater haematocrit percentages and red
blood cell concentrations have previously been linked to
increased dehydration caused by more intense severity of
diarrhoea.
Conclusions
Supplementation of calf MR with either FO or GL failed
to evoke any clear positive effects on either performance
or indices of immune function, during both the pre- and
post-weaning period. Indeed there was evidence that
both supplements may have counterproductive effects
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for calves, as evidenced by the reduced DMI of concen-
trates and lower weaning, turnout and end weights in
GL and FO supplemented calves. Most of the metabolic
and immune measures reported here appeared to reflect
treatment effects on feed intake and animal perform-
ance. Furthermore, the recent industry shift towards
feeding a higher plane of nutrition to accelerate growth
early in the pre-weaning period would indicate that sup-
plementation with these levels of GL and FO, at least in
the manner used in our study, would be impractical for
producers. This study does offer a novel insight into dis-
parities in feeding behaviour throughout the first 90 d of
life in calves supplemented with FO and GL
pre-weaning. The observed haematology variables pro-
vide further understanding into how the addition of FO
and GL to the diet of neonatal calves can augment im-
mune function in both the pre and post-weaning pe-
riods. Ultimately however, the inferior performance data
observed in FO and GL supplemented calves suggests
that any future work involving FO or GL should be done
at lower levels of supplementation. Furthermore, any fu-
ture studies should focus on identifying in more detail
the immune function indicators not measured here, such
as neutrophil oxidative burst, fibrinogen concentrations,
stress related hormone concentrations and expression of
pro and anti-inflammatory cytokines, whilst simultan-
eously ensuring calf health, performance and starter in-
take is not depressed by either treatment.
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